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Advancing age is commonly associated with changes in both brain structure and
function. Recently, the suggestion that alterations in brain connectivity may drive
disruption in cognitive abilities with age has been investigated. However, the interaction
between the effects of age and gender on the re-organization of resting-state networks
is not fully understood. This study sought to investigate the effect of both age and gender
on intra- and inter-network functional connectivity (FC) and the extent to which resting-
state network (RSN) node definition may alter with older age. We obtained resting-state
functional magnetic resonance images from younger (n = 20) and older (n = 20) adults
and assessed the FC of three main cortical networks: default mode (DMN), dorsal
attention (DAN), and saliency (SN). Older adults exhibited reduced DMN intra-network
FC and increased inter-network FC between the anterior cingulate cortex (ACC) and
nodes of the DAN, in comparison to younger participants. Furthermore, this increase in
ACC-DAN inter-network FC with age was driven largely by male participants. However,
further analyses suggested that the spatial location of ACC, bilateral anterior insula and
orbitofrontal cortex RSN nodes changed with older age and that age-related gender
differences in FC may reflect spatial re-organization rather than increases or decreases
in FC strength alone. These differences in both the FC and spatial distribution of RSNs
between younger and older adults provide evidence of re-organization of fundamental
brain networks with age, which is modulated by gender. These results highlight the need
to further investigate changes in both intra- and inter-network FC with age, whilst also
exploring the modifying effect of gender. They also emphasize the difficulties in directly
comparing the FC of RSN nodes between groups and suggest that caution should be
taken when using the same RSN node definitions for different age or patient groups to
investigate FC.
Keywords: ACC, aging, gender, functional connectivity, inter-network, intra-network
INTRODUCTION
Advancing age is associated with a wide range of changes to human brain structure and function
(Raz and Rodrigue, 2006) which includes an annual tissue loss of approximately 2.1% between the
ages of 70 and 80 years (Tang et al., 2001) and declines in both gray (Raz et al., 1997; Sowell et al.,
2003; Tisserand et al., 2004) and white (Resnick et al., 2000, 2003; Bartzokis, 2004) matter. White
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matter integrity and patterns of functional connectivity (FC) are
strongly associated (Andrews-Hanna et al., 2007; Chen et al.,
2009; Damoiseaux and Greicius, 2009; Hermundstad et al., 2013),
and recent research has begun to investigate changes in FC in the
older brain (see Ferreira and Busatto, 2013, for a comprehensive
review). The term ‘FC’ can broadly be defined as the statistical
association or dependency between the blood oxygenation level-
dependent (BOLD) signal time-series of anatomically distinct
brain regions (Friston et al., 1996; Horwitz, 2003; Friston, 2011).
This approach has lead to the identification of a series of resting-
state networks (RSNs; Fox et al., 2005; Di and Biswal, 2013),
which are thought to support cognitive functions (Stevens and
Spreng, 2014). These include the default mode (DMN), dorsal
attention (DAN), saliency (SN), visual, motor, and auditory
networks. The DMN, which comprises the posterior cingulate
cortex (PCC), medial prefrontal cortex (mPFC), inferior parietal
lobes (IPL), and the medial temporal lobes (MTL) (Buckner et al.,
2008; Andrews-Hanna et al., 2010), has been the most commonly
studied RSN in relation to age. Numerous studies have reported
decreased FC within the DMN in older compared to younger
adults (Andrews-Hanna et al., 2007; Wu et al., 2011; Tomasi and
Volkow, 2012). In addition, Damoiseaux et al. (2008) reported
that out of a number of RSNs, only the DMN showed decreases
in FC with age, suggesting that this network is particularly
susceptible to aging effects. However, more recently, others have
reported age-related FC decreases in the SN (Onoda et al., 2012),
motor network (Wu et al., 2007), and visual network (Yan et al.,
2011).
Although the majority of resting-state studies have found
decreases in intra-network FC with advancing age, there have
been several instances where increases in intra-network FC have
been identified (Toussaint et al., 2011; Mowinckel et al., 2012).
While decreases in FC with age are often interpreted as indicators
of reduced processing ability of the networks involved, the
interpretation of increases in FC with age is currently less clear
and could be related to changes in neurotransmitters, vasculature,
or compensatory network re-organization in response to a
decline in the FC of critical networks (Riddle et al., 2003;
Peters, 2006). However, although greater FC may represent a
stronger communication exchange or a more efficient network
in a variety of situations, segregation of the activity of particular
brain regions is likely to be just as important for efficient cognitive
performance.
Investigation of inter-network FC may also enhance our
understanding of how the brain alters with age. By investigating
how nodes of a particular network become more or less
connected to nodes of a separate network we may be able to
gain a greater insight into the network re-organization that
potentially occurs with advancing age. To date, few studies
have focussed their attention on inter-network FC, although
there is some evidence that inter-network FC is altered with
age (Onoda et al., 2012; Tomasi and Volkow, 2012). He et al.
(2013) demonstrated that inter-network FC between the right
insula and nodes of the DMN and Central Executive Network
(CEN) was significantly reduced with age. In contrast, others
have suggested that while intra-network FC is often reduced
in older age, inter-network FC is often increased, suggesting a
more complex picture of connectivity alterations in the aging
brain (Betzel et al., 2014; Geerligs et al., 2014b). Similar findings
have been reported during task-based FC analysis (Voss et al.,
2010; Geerligs et al., 2014a). Taken together these recent findings
seem to suggest that older age may be associated with reduced
specificity of RSNs, which become less modular and distinct and
more inter-connected and diffusely distributed across the brain
as we age.
As well as the influence of advancing age on the brain, it is well
established that there are gender differences in brain structure,
chemistry, and function (Cosgrove et al., 2007; Luders et al.,
2009; Ingalhalikar et al., 2014; Ruigrok et al., 2014). Significant
age∗gender interactions have been identified in relation to brain
structure across the lifespan (Raz et al., 1997; Gur et al., 2002;
Riello et al., 2005; Sowell et al., 2007; Nunnemann et al., 2009).
However, studies have also failed to find such interactions (Salat
et al., 2004; Lemaitre et al., 2005; Greenberg et al., 2008) and a
recent study reported that controlling for brain size resulted in
a substantial decrease in the effect of gender (and gender∗age
interactions) on brain volume (Jäncke et al., 2015). Given these
differences in brain structure associated with gender, it is likely
that gender also influences brain function. A number of studies
have identified such differences (Biswal et al., 2010; Allen et al.,
2011; Filippi et al., 2013; Smith et al., 2014). Furthermore, gender
has also been found to modulate the lateralization of RSNs (Liu
et al., 2009; Agcaoglu et al., 2015), although others have reported
that gender has a relatively small (Bluhm et al., 2008; Lopez-
Larson et al., 2011) or lack of effect (Weissman-Fogel et al., 2010;
Nielsen et al., 2013) on RSNs. Studies that have investigated the
effects of both advancing age and gender on FC have largely
been limited to investigation of lateralization of RSNs, rather than
specific effects on inter- and intra-network FC.
It is clear that both age and gender modulate patterns of
resting-state FC; however, few studies have included gender when
investigating how age may modulate intra- and inter-network
FC. Furthermore, to date, no studies have specifically investigated
whether the spatial location of RSN nodes differs with older age.
Considering that age-related differences in gray matter are not
homogeneous across the brain (Raz et al., 1997; Sowell et al., 2003;
Tisserand et al., 2004), it is plausible that the spatial extent of
particular RSN nodes, or indeed their location, may alter with age.
It thus remains to be seen whether age-related FC differences are
driven by changes to the connections between nodes or changes
to RSN definitions, or both.
Our study aimed to further investigate the interactions
between age and gender on both intra- and inter-network FC
of the DMN, DAN, and SN. For this, we investigated FC using
(1) the same node definitions for the two age groups (defined
using data from an independent sample of participants) and (2)
nodes defined separately for the two groups. We focussed our
analysis on these RSNs as advancing age has been associated
with disrupted FC of both the DAN and DMN (Andrews-Hanna
et al., 2007; Zhang et al., 2014), while the SN is thought to be
responsible for switching between the DMN and task-positive
networks (Sridharan et al., 2008) and has also been shown to be
affected by age (Onoda et al., 2012; He et al., 2013). While this
approach may not capture all possible changes in FC associated
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with age and gender, we were motivated in our analysis by
the benefits in terms of interpretability and comparability with
previous studies. We concentrated on these ‘cognitive’ RSNs
as the primary behavioral changes that occur with age tend
to be in higher order cognitive functions, rather than basic
sensory processing. However, we also present the results of the
sensory RSNs in the Supplementary Material for completeness
See Supplementary Figure S1.
MATERIALS AND METHODS
Participants
Twenty younger (M = 27, ±3 years, 10 male) and twenty
older (M = 74, ±4 years, 9 male) participants took part.
Older participants were screened for cognitive impairment
with the Advanced Mini-Mental State Test (3MS) (Teng and
Chui, 1987); the group’s average score was 97.65 (±2.6, range:
88–100). No participants scored below the cut-off (79/100) for
normal cognitive ability. All participants (excluding two younger
participants for whom English was not their native language)
also took part in the National Adult Reading Test (NART)
as an estimator of IQ (Nelson and Willison, 1991). Younger
participants had an average ‘full IQ’ score of 114 (±7.56),
compared to a score of 119 (±7.07) for the older participants.
IQ scores were not significantly different for the two groups, as
assessed by a one-way ANOVA [F(1,37)= 3.811, p= 0.059].
Procedure
Participants gave written informed consent and the study was
approved by the Research Ethics Board of the University
of Birmingham. All participants were screened for MR
compliance and took part in the NART. In addition, all
participants also completed the Epworth Sleepiness Scale
(ESS) (Johns, 1991), which is a subjective measure of their
propensity to fall asleep under different conditions and
resulted in a ‘daytime sleepiness’ score for each participant.
Older participants also completed the 3MS. Participants then
underwent the MRI session. During the resting-state scan
participants were asked to keep their eyes open and think
of nothing in particular. Immediately after the resting-state
scan, participants subjectively rated their sleepiness using the
Karolinska Sleepiness Scale (KSS) (Shahid et al., 2012), and
were asked to report if they were aware of falling asleep during
the scan. Following the session participants were thanked and
debriefed.
MRI Procedure
A Philips Achieva 3T MR scanner with a 32-channel head coil
was used to acquire MRI data. A 15 min resting-state scan was
acquired (T2∗-weighted fMRI data with whole brain coverage:
3 mm × 3 mm × 4 mm voxels, TR = 2000 ms, TE = 35 ms,
SENSE factor= 2, flip angle= 80◦, volumes= 450). In addition, a
high-resolution (1 mm isotropic) T1-weighted anatomical image
was also obtained. During the resting-state scan, participant’s
cardiac and respiratory cycles were measured using pneumatic
bellows and a pulse oximeter. Foam padding was positioned
around the head to reduce motion artifacts.
Definition of Network Nodes
The spatial locations of each RSN’s individual nodes were defined
from 6-min resting-state scans (3 mm × 3 mm × 4 mm voxels,
TR = 2000 ms, TE = 35 ms, flip angle 80◦, SENSE factor = 2)
acquired from an independent cohort of 55 subjects (28 male,
age 25 ± 4 years) which was collected as part of a previous
study (Przezdzik et al., 2013). Using FSL 4.1.81 data were motion
corrected, spatially smoothed (5 mm), temporally concatenated
across subjects and decomposed into 20 spatially independent
components using MELODIC (Beckmann and Smith, 2004). The
DAN, DMN, and SN were visually identified from individual
components, based on their spatial similarity to previous reports
(Damoiseaux et al., 2006). Each component was thresholded at
a Z-statistic >4, based on previous methodology (Khalsa et al.,
2013), to ensure that each of the network nodes were spatially
distinct. Each network was then manually separated into its
individual nodes, these consisted of: left and right orbitofrontal
cortex (OFC), left and right intraparietal sulcus (IPS) (DAN),
mPFC, PCC, left and right IPL, left and right MTL (DMN),
left and right insula and anterior cingulate cortex (ACC) (SN)
(Figure 1).
ROI Definition
FLIRT (Jenkinson et al., 2002) was then used to transform
these node masks into functional space, using the T1 as an
intermediate step, for each participant. For each RSN node
a 5 × 5 × 5 voxel cube ROI, centered on the maximum
Z-statistic voxel, was defined (Table 1). This resulted in an ROI
of 125 voxels in size, for each RSN node. Before these ROIs
were used to calculate FC we first accounted for differences
in the proportion of gray/white matter voxels within ROIs
between the two age groups, FAST (Zhang et al., 2001) was
used to segment each individual’s T1 image into gray matter,
white matter and CSF. These partial volume maps were then
transformed into functional space using FLIRT (Jenkinson and
Smith, 2001; Jenkinson et al., 2002), with nearest neighbor
interpolation and a threshold of 0.5 to preserve approximately
the size of the original partial volume map. Using this map,
only gray matter voxels within each ROI were included for FC
analysis. Table 2 displays the average final ROI sizes for the
two age groups, after including only gray matter voxels, which
were used for FC analysis. A mixed design ANOVA with the
main effects age and node and the interaction term age∗node
revealed that for all nodes, aside from left IPL, older adults
had significantly fewer voxels within each ROI, after excluding
white matter/CSF voxels, as indicated by a significant main
effect of age [F(1,38) = 107.68, p < 0.001, η2 = 0.74] and
a significant age∗node interaction, following a mixed design
ANOVA [F(7.87,96.65) = 9.6, p < 0.001, η2 = 0.20]. See Table 2
for the results from pairwise comparisons. However, ROI size
was not found to differentially affect FC strength, for either age
group, providing reassurance that any differences in FC between
1www.fmrib.ox.ac.uk/fsl
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FIGURE 1 | Illustration of each node, defined from an independent, young cohort, of the three main ‘cognitive’ RSNs: DAN, DMN, and SN. DAN
comprises: IPS, intraparietal sulcus; OFC, orbitofrontal cortex; IPL, intraparietal lobe. DMN comprises: IPL, intraparietal lobe; PFC, pre-frontal cortex; MTL, medial
temporal lobe. SN comprises: AI, anterior insula; ACC, anterior-cingulate cortex. For each node a 5×5×5 voxel ROI, created around the maximum Z-statistic voxel,
was created for FC analysis.
TABLE 1 | MNI co-ordinates of the peak voxel for each RSN node, around which 5×5×5 voxel ROIs were created, defined using: (1) an independent
cohort of 55 young participants (aged 25 ± 4 years); and (2) only the older participant’s data.
Independent cohort Older gICA Difference
x y z x y z x y z
DAN
Left IPS 67 39 60 64 36 60 −3 −3 0
Right IPS 25 37 61 29 37 58 4 0 −3
Left OFC 71 75 52 67 84 48 −4 9 −4
Right OFC 21 83 45 22 70 52 1 −13 7
DMN
PCC 45 37 53 45 35 52 0 −2 −1
mPFC 45 89 39 45 92 43 0 3 4
Left IPL 71 29 55 70 30 51 −1 1 −4
Right IPL 19 29 55 21 30 53 2 1 −2
Left MTL 77 58 27 75 62 28 −2 4 1
Right MTL 19 64 21 14 63 25 −5 −1 −4
SN
ACC 45 76 51 43 70 59 −2 6 8
Left AI 65 71 37 73 66 39 8 −5 2
Right AI 27 75 37 26 68 38 −1 −7 1
The final column reports the difference between the two sets of co-ordinates, for each direction.
the two age groups was not driven by differences in ROI size. See
Supplementary Figures S2a–d.
Functional Connectivity Analysis
The effect of respiratory and cardiac confounds (RETROICOR)
(Glover et al., 2000) and subsequently variations in breathing
depth and heart rate interval (Birn et al., 2006; Chang et al.,
2009) were reduced using custom MATLAB code. Data were
then pre-processed according to standard methodology prior
to FC analysis (Fox et al., 2005). Data were motion corrected,
spatially smoothed (5 mm) and temporally band-pass filtered
(0.009 < Hz < 0.08). Further potential confound signals were
removed using multiple linear regression, these included: the
six motion parameters of head rotation and translation, white
matter and CSF signals and the global signal, calculated by
averaging the BOLD time-series across all brain voxels. FC
strength was then calculated for each pairwise combination of
RSN nodes as the correlation coefficient (Pearson’s R-value)
between the mean ROI BOLD time series of each DAN, DMN,
and SN node. Correlation coefficients were then converted to a
normal distribution using Fisher’s r- to-z Transform (z = 0.5
Ln [(1 + r)/(1 - r)]) (Jenkins and Watts, 1968). These values
were converted into z-scores by dividing by the square root
of the variance [1/
√
(n − 3)], where n is the degrees of
freedom in the measurement, i.e., (number of volumes-2). All
negative correlations were replaced with 0 in order to address
the fact that negative correlations may have been artificially
induced following global signal regression (Murphy et al.,
2009).
Functional Connectivity Measures
In order to reduce the number of pairwise comparisons, we
calculated composite intra- and inter-network FC for each
participant. Intra-network measures consisted of averaging the
FC strengths of each pair of nodes within a network. Inter-
network FC strengths (ACC-DAN, ACC-DMN, right insula-
DAN, right insula-DMN, PCC-DAN, PCC-SN) were calculated
by averaging the FC strengths between the main node of each
network, as identified previously (Seeley et al., 2007; Buckner
et al., 2008, 2009), and all nodes of each other network. For
Frontiers in Aging Neuroscience | www.frontiersin.org 4 November 2016 | Volume 8 | Article 285
fnagi-08-00285 November 23, 2016 Time: 17:3 # 5
Goldstone et al. Resting-State Networks in Older Age
TABLE 2 | Final ROI size (group mean number of voxels and standard
deviation across participants) after transforming ROIs into individual
space and selecting only gray matter voxels.
Average ROI size
Younger Older Older (re-defined) η2
DAN
Left IPS 59 ± 8.81 49 ± 6.35 ∗∗∗ 48 ± 6.95 ∗∗∗ 0.33
Right IPS 61 ± 5.94 53 ± 6.14 ∗∗ 42 ± 7.55 ∗∗∗ 0.58
Left OFC 59 ± 6.83 51 ± 8.06 ∗∗ 54 ± 8.21 0.15
Right OFC 62 ± 5.81 55 ± 9.50 ∗∗ 53 ± 6.20 ∗∗ 0.23
DMN
PCC 79 ± 7.18 67 ± 8.76 ∗∗∗ 70 ± 7.67 ∗∗ 0.28
mPFC 85 ± 6.45 66 ± 8.74 ∗∗∗ 55 ± 9.55 ∗∗∗ 0.68
Left IPL 53 ± 10.14 49 ± 9.63 59 ± 8.34 0.18
Right IPL 47 ± 8.37 38 ± 7.17 ∗∗ 58 ± 6.91 ∗∗∗ 0.53
Left MTL 69 ± 7.04 52 ± 13.69 ∗∗∗ 53 ± 11.90 ∗∗∗ 0.31
Right MTL 68 ± 6.57 52 ± 12.68 ∗∗∗ 43 ± 12.79 ∗∗∗ 0.46
SN
ACC 75 ± 6.91 42 ± 12.73 ∗∗∗ 52 ± 10.29 ∗∗∗ 0.70
Left AI 83 ± 7.52 61 ± 7.49 ∗∗∗ 57 ± 7.04 ∗∗∗ 0.68
Right AI 85 ± 7.51 65 ± 10.06 ∗∗∗ 62 ± 9.51 ∗∗ 0.65
Average ROI sizes are reported for the nodes defined using an independent cohort
of 55 young participants (columns two and three) and only the older participant’s
data (column four). Significant differences in ROI size between young and older
adults are highlighted (∗∗∗p < 0.001, ∗∗p < 0.01). Partial eta squared (η2) is also
displayed for each significant comparison. Spatial location of ROI peak voxels for
young and older definitions are plotted in Figure 2.
example, ACC-DAN FC was calculated by averaging FC strengths
across all ACC-DAN node pairs. We chose to limit our FC
analysis in this way for brevity and specificity. Seeding from
each node of the DMN separately would have resulted in six
measures for both DMN-SN and DMN-DAN inter-network FC,
making it harder to statistically compare and interpret differences
between the two age groups. The main nodes we chose to focus
our analysis on have all been consistently previously identified
as main nodes of their corresponding networks. Average inter-
network FC measures are representative of the patterns of
age-group differences in FC that are seen at the individual
seed-node level for each RSN. See Supplementary Material
Figures S3a–c.
Assessing Changes in Spatial Location
of ROIs in Older Adults
We also assessed whether any observed differences in the
strength of FC between age groups arose as a consequence
of changes in the center point of the RSN nodes with
older age. For this, RSN nodes were redefined for older
participants using the spatial components from a separate
group ICA (gICA) of only the older participant’s data. While
this gICA includes fewer subjects than that used for the
original node definition, it has the advantage of allowing a
direct examination of the spatial location of RSN nodes in
this specific group of older subjects. For node definition, the
same methods were applied as for the independent cohort,
except data were decomposed into 15 (rather than 20) spatially
independent components with Melodic to identify RSNs most
comparable to the initial analysis. Restricting this data set to
20 components resulted in the RSNs splitting into multiple
components, presumably because of the smaller sample size
compared to the independent cohort of younger participants
used in the original analysis. Cubic ROIs were then centered
on the peak voxel (as above) for each of the nodes defined
from this separate gICA (Table 1). Table 1 also presents
the spatial differences in peak voxel location for the two
methods of RSN node definition (i.e., independent cohort
vs. defined specifically within the older cohort). Using these
alternative ROIs we re-assessed (1) intra-network (2) ACC
inter-network and (3) PCC inter-network FC in the older
subjects and compared it with FC measures obtained using
the young ROIs. This allowed us to investigate whether any
age-related FC differences were a result of changes in FC
strength or a spatial re-organization of RSN nodes in older
adults.
Statistical Analysis
IBM SPSS Statistics for Windows (Version 20.0) was used
to conduct mixed design ANOVAs with the factors age and
network and the interaction term age∗network to assess
differences in intra- and inter-network FC between the
two age groups. In addition, we also used this ANOVA
configuration to assess whether age modulated FC differentially
for the two sexes. Finally, mixed design ANOVAs with
the factors gender and network and the interaction term
gender∗network were uses to assess sex differences in FC
within the two age groups. Pairwise comparisons within
each ANOVA were Bonferroni corrected for multiple
comparisons.
RESULTS
Potential Confounds
Age-Related Gray Matter Volume Differences
This study explicitly attempted to address potential gray
matter loss with age, which could have resulted in different
proportions of gray/white matter and CSF within the ROIs
for the two age groups. By segmenting each participant’s
anatomical scan into the three tissue classes, and transforming
partial volume maps into functional space, we were able
to include only gray matter voxels in our FC analysis.
This meant that for most ROIs, excluding left IPL and
left OFC, older adults had, on average, significantly fewer
voxels retained compared to younger adults, after correcting
for multiple comparisons. In the Supplementary Material, we
present the ACC-network FC results following an analysis
which included all ROI voxels for both age groups (i.e., did
not exclude CSF and white matter voxels) and report that
the FC differences identified remain the same (Supplementary
Figure S2). Therefore, any differences in ROI size between age
groups are unlikely to be driving any of the FC differences we
have identified.
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Sleepiness
Another possible confound within this study is the potential
for participants to fall asleep in the scanner, during the resting-
state fMRI acquisition, which has previously been reported,
and associated with changes in RSN organization (Tagliazucchi
and Laufs, 2014). Although yet to be established, it is also
possible that the propensity for sleep inside the scanner differs
between younger and older adults. We found that younger
and older adults did not differ in terms of daytime sleepiness,
as assessed by the ESS (Younger M = 5.85 ± 3.48, Older
M = 4.9 ± 4.52), or post-scan sleepiness, as assessed by the KSS
(Younger M = 4.7 ± 1.9, Older M = 4.65 ± 1.81). This was
revealed by a non-significant main effect of age [F(1,38) = 0.48,
p = 0.49, η2 = 0.013], and a non-significant age∗sleep measure
interaction [F(1,38) = 0.44, p = 0.51, η2 = 0.011]. These results
suggest that, at least for this cohort, older adults were not
considered more likely to fall asleep during periods of immobility,
compared to younger adults.
Head Motion
Younger and older adults did not differ significantly in
terms of relative or absolute head motion parameters as
revealed by no significant main effect of age [F(1,38) = 0.13,
p = 0.73, η2 = 0.003] and no significant age∗motion interaction
[F(1,38) = 0.46, p = 0.50, η2 = 0.01]. Similarly, we found no
effect of gender. See Table 3 for the average head motion values
for the participant groups and Table 4 for all statistical outcomes.
Functional Connectivity
Results are first presented for the original node definitions
produced from the independent younger cohort, followed by
those obtained from the older participants. All significant age and
gender effects on FC can be found in Table 5.
Intra-network FC
Older participants were found to have reduced intra-network
FC compared to younger adults, as revealed by a significant
main effect of age [F(1,38) = 10.606, p = 0.002, η2 = 0.218].
No significant interaction between age and network was found
[F(2,76) = 0.214, p = 0.808, η2 = 0.006], suggesting that this
reduction in intra-network FC with age was not specific to
any one RSN. Furthermore, the intra-network FC was shown
to differ significantly across networks, independent of age, as
revealed by a significant main effect of network [F(2,76)= 7.921,
p = 0.001, η2 = 0.172]. The SN was found to have significantly
greater intra-network FC in comparison to the DAN and DMN
(p = 0.016 and p = 0.002), respectively. From herein, although
significant main effects of network are discussed in the text for
completeness, they are not highlighted on the figures, in order to
clearly present any effect of age or gender. Significant network
effects are expected when comparing measures of intra- and
inter-network FC (e.g., ACC-SN vs. ACC-DAN) as the intra-
network FC strength will typically be much greater than any
measure of inter-network FC. However, as this is not a finding
related to age or gender we choose not to highlight it in on the
figures for clarity.
Intra-network FC: Sex Differences
Male vs. female: By age
We first investigated whether there were any sex differences
in intra-network FC within the two age groups. For both age
groups, a significant main effect of network was identified
[F(2,36) = 3.891, p = 0.030, η2 = 0.178 and F(2,36) = 4.280,
p = 0.021, η2 = 0.192, for younger and older, respectively]
indicating that intra-network FC strength was dependent on
the network. However, pairwise comparisons between networks
failed to reach significance. For both age groups, there was
no evidence to suggest that intra-network FC was significantly
different between genders. This was evident by the lack of a
significant main effect of gender [F(1,18) = 0.350, p = 0.562,
η2 = 0.019 and F(1,18) = 0.054, p = 0.819, η2 = 0.003]
and gender∗network interactions [F(2,36) = 1.739, p = 0.190,
η2 = 0.088 and F(2,36) = 0.440, p = 0.648, η2 = 0.024]. See
Figure 3 for intra-network FC for the two age groups.
Younger vs. older: By gender
We then sought to identify whether age differentially modulated
intra-network FC differences for the two sexes. For males,
intra-network FC was significantly reduced in older, compared
to younger, participants, as indicated by a main effect of
age [F(1,18) = 8.18, p = 0.01, η2 = 0.312]. No significant
age∗network interaction was identified [F(2,36) = 0.209,
p = 0.812, η2 = 0.011], indicating that in male participants age
affected intra-network FC in a global manner, rather than on a
network-specific level.
For the females, age did not modulate intra-network FC
and nor was there a significant difference in intra-network
FC strength across the three networks, as revealed by the
lack of a significant main effect of age [F(1,18) = 2.863,
p= 0.108, η2 = 0.137] or a significant interaction of age∗network
[F(2,36) = 1.66, p = 0.205, η2 = 0.084]. See Figures 4A,B for
intra-network FC for the two sexes, divided by age group.
Inter-network FC
As it was unclear which node would be considered the main node
of the DAN, we focused our inter-network FC analysis on the
main nodes of the SN (ACC, right AI) and DMN (PCC), which
have been identified previously (Seeley et al., 2007; Buckner et al.,
2008, 2009).
ACC Inter-network FC
As expected, ACC-SN FC was significantly greater than ACC-
DAN and ACC-DMN FC, as indicated by a significant main
effect of network [F(2,76) = 120.71, p < 0.001, η2 = 0.761]
and pairwise comparisons between ACC-SN and ACC-DAN
(p < 0.001) and ACC-SN and ACC-DMN (p < 0.001). Overall,
inter-network FC was not significantly affected by age, as shown
by a non-significant main effect of age [F(1,38)= 0.18, p= 0.676,
η2 = 0.005]. A significant interaction effect showed that ACC
FC was differentially affected by age, depending on the network
[F(2,76) = 4.48, p = 0.026, η2 = 0.106], with a trend for
reduced ACC-SN FC and increased ACC-DAN FC in older adults
(Figure 5). However, tests of simple effects revealed that taken
independently, ACC-SN, ACC-DAN and ACC-DMN FC were
Frontiers in Aging Neuroscience | www.frontiersin.org 6 November 2016 | Volume 8 | Article 285
fnagi-08-00285 November 23, 2016 Time: 17:3 # 7
Goldstone et al. Resting-State Networks in Older Age
TABLE 3 | Average (± standard deviation) absolute and relative motion parameters (mm) for the two age groups, as a whole and divided by gender.
Group Male Female
Young Older Young Older Young Older
Absolute 1.43 ± 0.33 1.41 ± 0.36 1.53 ± 0.22 1.49 ± 0.35 1.30 ± 0.42 1.34 ± 0.38
Relative 0.08 ± 0.04 0.13 ± 0.07 0.08 ± 0.03 0.14 ± 0.05 0.07 ± 0.04 0.13 ± 0.08
No significant differences were identified between the participant groups.
TABLE 4 | Outcome of mixed ANOVAs testing differences in motion
(absolute and relative) for participants divided by age and gender.
F p η2
Young Male vs. female 2.476 0.133 0.12
Motion ∗ gender 2.27 0.149 0.11
Older Male vs. female 1.241 0.280 0.06
Motion ∗ gender 0.639 0.435 0.03
Male Young vs. old 0.046 0.832 0.003
Motion ∗ age 0.626 0.439 0.03
Female Young vs. old 0.283 0.601 0.02
Motion ∗ age 0.013 0.910 0.001
ANOVAs consisted of the main effects motion (absolute and relative) and either
gender or age and the interaction terms motion∗gender or motion∗age group. F,
F-statistic; p, p-value; η2, partial eta squared (effect size).
not significantly different for the two age groups (p = 0.078,
η2 = 0.08 and p = 0.055, η2 = 0.093 and p = 0.250, η2 = 0.035,
respectively).
ACC Inter-network FC: Sex Differences
All analyses that investigated sex differences in ACC inter-
network FC revealed that ACC-SN FC was significantly greater
than ACC-DAN (p < 0.001) and ACC-DMN (p < 0.001) FC,
regardless of age-group or gender (Figure 6).
Male vs. female: By age
Within both age groups, male and female participants did
not exhibit significantly different ACC-inter network FC. This
was shown by the lack of significant main effects of gender
[F(1,18) = 1.273, p = 0.274, η2 = 0.066 and F(1,18) = 0.501,
p = 0.488, η2 = 0.027; for younger and older participants,
respectively] and gender∗network interactions [F(2,36) = 0.620,
p= 0.475, η2 = 0.033 and F(2,36)= 0.755, p= 0.445, η2 = 0.04;
for younger and older participants, respectively].
Younger vs. older: By gender
For female participants, ACC inter-network FC was not
significantly different between younger and older participants
(Figure 6A). This was shown by a non-significant main effect of
age [F(1,18) = 0.129, p = 0.885, η2 = 0.001] and age∗network
interaction [F(2,36)= 4.67, p= 0.526, η2 = 0.035].
For male participants, ACC inter-network FC was modulated
by age. We identified no general effect of age [F(1,18) = 0.07,
p = 0.794, η2 = 0.004]. However, we found that ACC inter-
network FC was differentially affected by age, as shown by a
significant age∗network interaction [F(2,36) = 4.55, p = 0.028,
η2 = 0.202]. Analysis of simple effects revealed that older men
had significantly greater ACC-DAN FC compared to younger
men (p = 0.047, η2 = 0.202, Figure 6B). No significant
differences in FC with age were identified for ACC-SN or
ACC-DMN (p = 0.09, η2 = 0.151 and p = 0.469, η2 = 0.02,
respectively).
Right AI Inter-network FC
As expected, right AI-SN FC was significantly greater than right
AI-DAN or right AI-DMN FC, as indicated by a significant effect
of network [F(2,76)= 292.11, p≤ 0.001, η2 = 0.885] and pairwise
comparisons between right AI-SN and right AI-DAN and right
AI-DMN (p < 0.001 and p < 0.001, respectively). Age did not
have a significant impact on right AI inter-network FC, as shown
by a non-significant main effect [F(1,38) = 0.746, p = 0.393,
η2 = 0.019] and a non-significant network∗age interaction
[F(2,76) = 1.578, p = 0.218, η2 = 0.04]. See Supplementary
Figure S4 for Right AI-network FC.
Right AI Inter-network FC: Sex Differences
All analyses that investigated sex differences in right AI inter-
network FC revealed that right AI-SN FC was significantly
greater than right AI-DAN (p < 0.001) and right AI-DMN
(p < 0.001) FC, regardless of age-group or gender. However,
right AI inter-network FC was not significantly different
between male and female participants within age groups or
between age groups within the two sexes (Supplementary
Figures S5a,b). This was identified by the non-significant effect
of age (p = 0.767, η2 = 0.005 and p = 0.431, η2 = 0.035
for female and male participants, respectively) and gender
(p = 0.511, η2 = 0.024 and p = 0.942, η2 = 0.0 for
younger and older participants, respectively), as well as non-
significant age∗network (p = 0.676, η2 = 0.022 and p = 0.378,
η2 = 0.048 for female and male participants, respectively)
and gender∗network interactions (p = 0.23, η2 = 0.079 and
p = 0.56, η2 = 0.025 for younger and older participants,
respectively).
PCC Inter-network FC
As expected, PCC-DMN FC was significantly greater than PCC-
DAN and PCC-SN inter-network FC, as shown by a significant
main effect of network [F(2,76)= 413.955, p< 0.001, η2 = 0.916]
and pairwise comparisons between PCC-DMN and PCC-DAN
and PCC-DMN (p < 0.001 and p < 0.001, respectively). PCC
inter-network FC was not significantly different between the
two age groups, as indicated by a non-significant main effect
of age [F(1,38) = 3.468, p = 0.07] and age∗network interaction
[F(2,76) = 1.731, p = 0.191, η2 = 0.044]. See Supplementary
Figure S6 for PCC-network FC.
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TABLE 5 | Significant statistical effects of age (Younger Y vs. Older O) and gender on intra- and inter-network FC measures, following FC analysis using
1node definitions defined from the younger, independent cohort, and 2nodes defined separately for the older adults.
F P η2
Intra-network FC (group)
Main effect: Age1 Y > O 10.606 0.002 0.218
Intra-network FC (male)
Main effect: age1 Y > O 8.18 0.01 0.312
ACC inter-network FC (group)
Interaction: age∗network1 4.48 0.026 0.106
Interaction: age∗network2 7.33 0.004 0.16
ACC-DAN (O > Y) <0.001 0.46
ACC-DMN (Y > O) 0.006 0.18
ACC inter-network FC (male)
Interaction: age∗network1 4.55 0.028 0.202
ACC-DAN (O > Y) 0.047 0.20
Interaction: age∗network2 4.76 0.024 0.21
ACC-DAN (O > Y) 0.008 0.33
ACC inter-network FC (female)
Interaction: age∗network2 4.17 0.042 0.19
ACC-DAN (O > Y) <0.001 0.60
ACC-DMN (Y > O) 0.03 0.24
Pairwise comparisons within each ANOVA were Bonferroni corrected for multiple comparisons.
PCC Inter-network FC: Sex Differences
Similarly, all analyses that investigated sex differences in PCC
inter-network FC identified that PCC-DMN FC was significantly
greater than PCC-DAN (p < 0.001) and PCC-SN (p < 0.001)
regardless of age or gender. However, PCC inter-network FC
was not significantly different for male and female participants
within age groups and neither did age differentially affect PCC
inter-network FC for the two sexes (Supplementary Figures
S7a,b). This was identified by the non-significant effect of
gender (p = 0.476, η2 = 0.029 and p = 0.563, η2 = 0.019
for younger and older participants, respectively) and age
(p = 0.200, η2 = 0.089 and p = 0.166, η2 = 0.104 for
female and male participants, respectively), as well as non-
significant gender∗network (p= 0.382, η2 = 0.052 and p= 0.684,
η2 = 0.021 for younger and older participants, respectively) and
age∗network (p = 0.251, η2 = 0.074 and p = 0.566, η2 = 0.031
for female and male participants, respectively) interactions.
Spatial Re-organization of RSN Nodes in
Older Adults
Qualitative comparison of the locations of the RSN nodes’
peak Z-statistic voxels between the two age groups suggests
that the center of a number of the RSN nodes may shift with
age. This was particularly apparent for left and right OFC, AI,
and ACC (Figure 2). Using the ROIs defined specifically for
the older adults, we re-evaluated RSN intra-network FC and
inter-network FC of two main RSN nodes (ACC, PCC) (see
below). We identified that by calculating older FC using the
age-group specific ROIS, the differential effect of age on the
two genders was attenuated. This suggests that the spatial re-
organization of RSN nodes may be gender specific, in addition
to the gender specific effects on FC strength, as seen above
for the original node definitions. Specific results are presented
below.
Intra-network FC
Following the re-definition of the older RSN nodes, we found
no significant intra-network FC differences between age groups,
as indicated by a non-significant main effect of age and a non-
significant age∗network interaction [F(1,38) = 1.73, p = 0.20,
η2 = 0.04 and F(2,76)= 1.03, p= 0.36, η2 = 0.026, respectively].
These results diverged from previous findings (Figure 3) that
older adults exhibited significantly weaker intra-network FC,
obtained when using the same ROIs for both age groups.
Similarly, the previous finding which suggested that the
reduction in intra-network FC was specific to male participants
was not fully replicated (Figure 4). Although a similar trend
was identified for male participants, intra-network FC did not
differ significantly between the age groups for either female
or male participants. This was indicated by a non-significant
main effect of age [F(1,18) = 0.20, p = 0.88, η2 = 0.001 and
F(1,18)= 4.04, p= 0.06, η2 = 0.18] and age∗network interactions
[F(2,36)= 2.57, p= 0.09, η2 = 0.13 and F(2,36)= 0.66, p= 0.52,
η2 = 0.04], for female and male participants, respectively.
ACC Inter-network FC
Following the re-definition of the older RSN nodes, we report
greater ACC-DAN FC in older, compared to younger, adults
as previously identified (Figure 5). This was confirmed by
a significant age∗network interaction [F(1.43,54.3) = 7.33,
p = 0.004, η2 = 0.16] and a significant pairwise comparison for
ACC-DAN [p < 0.001, η2 = 0.46], we also identified weaker
ACC-DMN (p = 0.006, η2 = 0.18) FC for older, compared to
younger adults. ACC-SN FC did not differ significantly between
the two age groups (p= 0.8, η2 = 0.002).
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FIGURE 2 | Depiction of the peak z-statistic voxel location, around which 5×5×5 voxel ROIs were made, for each RSN node. These were defined from
gICAs performed on: an independent cohort of 55 younger participants (blue); and 20 older participants (red). L and R prefixed before node names indicates the left
and right hemispheres. MNI co-ordinates for these voxels are presented in Table 1.
FIGURE 3 | Average intra-network FC for the two age groups. For FC
calculated using the young ROIs only (solid bars), a significant main effect of
age identified that intra-network FC was weaker for older, compared to
younger participants. No significant age-group difference was identified when
FC was calculated using age-group specific ROIs for the older participants
(hatched bars). ∗p < 0.05. Error bars are SEM calculated across participants.
However, greater ACC-DAN FC was no longer specific
to male participants as was previously identified (Figure 6).
Significant age∗network interactions were identified for both
female and male participants [F(1.33,23.91) = 4.17, p = 0.04,
η2 = 0.19 and F(1.52,27.41) = 4.76, p = 0.024, η2 = 0.21,
respectively]. Pairwise comparisons revealed that both female
and male older participants exhibited greater ACC-DAN FC,
compared to their younger counterparts (p < 0.001, η2 = 0.60
and p= 0.008, η2 = 0.33, respectively). Older female participants
exhibited significantly weaker ACC-DMN FC compared to
younger female participants (p = 0.03, η2 = 0.24), while both
younger and older male participants exhibited similar levels
of ACC-DMN FC (p = 0.134, η2 = 0.12). ACC-SN FC did
not differ significantly between the two age groups for both
female (p = 0.32, η2 = 0.05) and male (p = 0.20, η2 = 0.09)
participants.
PCC Inter-network FC
As was previously identified, PCC inter-network FC was
not significantly different between the two age groups
(Supplementary Figure S6), as indicated by a non-significant
main effect of age [F(1,38) = 2,58, p = 0.116, η2 = 0.06]
and age∗network interaction [F(1.25,47.46) = 0.30, p = 0.64,
η2 = 0.008].
Similarly, in correspondence with the previous results, age
was not found to differentially affect PCC inter-network FC for
the two sexes (Supplementary Figure S7). This was identified by
non-significant main effects of age [F(1,18) = 1.55, p = 0.23,
η2 = 0.08 and F(1,18) = 1.32, p = 0.27, η2 = 0.07] and
non-significant age∗network interactions [F(1.20,21.66) = 0.16,
p = 0.74, η2 = 0.009 and F(1.35,24.74) = 0.16, p = 0.77,
η2 = 0.009] for both female and male participants, respectively.
DISCUSSION
We investigated the influence of both age and gender on
intra- and inter-network FC. We identified that, when using
the same RSN node definitions for the two age groups, older
adults were found to have reduced intra-network FC, particularly
in the DMN, and increased ACC-DAN inter-network FC in
comparison to younger participants. Upon further investigation,
we identified that the increased inter-network FC in older age
was driven specifically by the male participants in our sample.
Additional evaluation of these FC differences, using RSN node
definitions that were specific to the older cohort, suggested that
there was a gender-specific spatial re-organization of some RSN
nodes, which were predominantly frontal in location. While
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FIGURE 4 | Average intra-network FC for the two age groups (solid = young, hatch = old), split by gender. (A,B) The effect of age on intra-network FC
separately for female (A) and male (B) participants. When comparing FC using the young ROIs (solid bars), a significant main effect of age was identified for male
participants only (∗∗p = 0.01). However, no significant differences between the age groups were identified when FC was calculated using age-group specific ROIs for
the older participants (hatched bars).
greater ACC-DAN FC was still identified in older, compared
to younger, participants the difference was exhibited by both
genders rather than being specific to male participants. This
suggests that the node definitions provided by the independent
younger cohort remained appropriate for older males, but not for
older females.
Our findings are largely in agreement with previous studies
which have identified that advancing age is associated with
reductions in the modularity of RSNs. While younger brains are
typically highly modular, with limited inter-network FC (Achard
and Bullmore, 2007; Bullmore and Sporns, 2012), older brains
are seen to have weaker intra-network FC and stronger inter-
network FC (Voss et al., 2010; Betzel et al., 2014; Geerligs
et al., 2014a,b). Increased inter-network FC associated with
older age is often compared to a typical finding from task-
based fMRI studies, where older adults exhibit ‘over recruitment’
of brain regions during tasks, compared to younger adults
(Reuter-Lorenz et al., 2000; Cabeza, 2002; Buckner, 2004; Dennis
et al., 2008; Park and Reuter-Lorenz, 2009). This is commonly
regarded as a compensatory mechanism to maintain or improve
function (Cabeza et al., 2002; Buckner, 2004; Park and Reuter-
Lorenz, 2009). However, it remains to be determined whether
(1) additional inter-network FC is a compensatory mechanism
which is beneficial for brain function in response to the typical
age-related reduction of intra-network FC; or (2) a reduction
in RSN specificity results in interference between network
activity, which is not conducive to efficient task performance
and may underlie less efficient processing sometimes seen in
older adults (Baltes and Lindenberger, 1997). A series of studies
by Geerligs et al. (2014c,d) suggested that although increased
FIGURE 5 | Average ACC inter-network FC for the two age groups.
Inter-network FC is calculated by averaging FC between ACC and each node
of the target network. For FC calculated using the young ROIs only (solid
bars), a significant age∗network interaction was identified (∗p < 0.05). No
significant age-group difference was identified when FC was calculated using
age-group specific ROIs for the older participants (hatched bars). Error bars
are SEM calculated across participants.
inter-network connectivity during tasks may be compensatory,
older adults reach a ‘resource ceiling’ which results in age-
related deficits in performance in more difficult conditions.
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FIGURE 6 | Average ACC inter-network FC for the two age groups, split by gender. (A,B) The effect of age on ACC-network FC for female (A) and male (B)
participants. When comparing FC using the young ROIs (solid bars), greater ACC-DAN FC was identified for older, compared to younger, male participants only
(∗p < 0.05). However, when FC was calculated using age-group specific ROIs (hatched bars), greater ACC-DAN FC was also identified for older, compared to
younger, females (p < 0.001). In addition, weaker ACC-DMN FC was found for older, compared to younger, females using this method. Error bars are SEM
calculated across participants.
However, they also reported that although reductions in intra-
network FC were associated with poorer performance on
cognitive tasks, additional inter-network FC was not always
associated with better performance (Geerligs et al., 2014a). It
is apparent that more research is required to fully understand
the phenomenon of increased BOLD response during tasks or
increased inter-network FC in older adults and to establish
whether particular inter-network FC patterns are more or less
beneficial than others. The relationship between increased task
responses and changes to FC also remains to be clarified,
both in younger and older subjects (Mennes et al., 2010,
2011).
Relatively few studies have investigated the interaction
between age and gender on intra- and inter-network FC changes
with age for multiple networks. Biswal et al. (2010) revealed that
both age and gender were significant determinants of FC while
Zuo et al. (2010) identified homotopic FC (FC between any pair
of symmetric interhemispheric voxels) differences dependent on
both age and gender. Similarly, (Agcaoglu et al., 2015) have
shown that age can differentially affect RSN lateralization for
the two sexes, while Allen et al. (2011) and Scheinost et al.
(2014) also provided evidence to suggest that men and women
exhibit differential patterns of FC change with age. Although
our initial results suggested that changes to FC strength with
age were associated with gender, further investigation suggested
that the spatial organization of RSN nodes was differentially
affected by age for the two sexes. For example, greater ACC-
DAN FC for older, compared to younger, male participants was
identified using both RSN node definition methods. However,
this was only seen when using age group-specific RSN nodes
for female participants, suggesting that the spatial extent and
peak location of specific RSN nodes differs between male and
female older participants (Figure 2). Age related ACC-DAN FC
strength was no longer modulated by gender after applying age-
group specific RSN node definitions, suggesting gender specific
differences in the spatial definition of RSN nodes. Future work
should look to investigate the interaction between age and gender
on the re-organization of RSNs. With larger sample sizes, it
would be interesting to investigate FC from gender specific RSN
nodes defined separately for each age group. One caveat of the
secondary analysis presented here is that the gICA used to create
specific older adult RSN nodes only contained 20 participants
compared to the independent cohort of 55 participants, which
was used to define the RSN nodes originally, which might lead
to reduced reliability of RSN definition. However, it is not clear
how this could lead to the observed gender differences in older
subjects. Future work should look to validate the node definition
we present here to confirm the finding that RSN nodes may be
spatially reorganized with older age.
One important observation is that nodes of a particular
network were differentially affected by age and gender,
particularly when considering inter-network FC. This was
investigated specifically for the SN-DAN, and identified that
ACC-DAN FC was specifically disrupted with older age, rather
than a whole network re-organization of the SN (Figures 5
and 6; Supplementary Figures S3a,b). The fact that the increase
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in ACC FC was found to be specific to nodes of the DAN, rather
than a global increase of ACC FC to all nodes of the RSNs
investigated, suggests that this shift in ACC FC may serve to
support a function. The ACC is known to modulate responses
in sensory/motor/association cortices (Crottaz-Herbette and
Menon, 2006; Sridharan et al., 2008; Menon and Uddin, 2010)
and is strongly implicated in a wide array of cognitive processes
(Koski and Paus, 2000; Shackman et al., 2011; Stevens et al., 2011).
This is arguably due to the dense and diverse connectivity of the
ACC (Margulies et al., 2007; Seeley et al., 2007; Shackman et al.,
2011; Yu et al., 2011) which is known to have direct connections
to the spinal cord (Morecraft and Tanji, 2009), and connections to
subcortical, sensorimotor, cognitive, salience, pain, and affective
networks (Vogt, 2005; Dosenbach et al., 2007; Margulies et al.,
2007; Yu et al., 2011). This dense connectivity profile suggests that
the ACC is a hub that is well situated to integrate information
from multiple areas and regulate action/behavior (Shackman
et al., 2011). For the same reasons, the ACC may also be well
positioned to facilitate compensatory connectivity in response
to disruption of FC with age. However, as previously discussed,
we must also consider the possibility that such network re-
organization with age is detrimental to brain function, and
it remains to be seen whether increased ACC-DAN FC is
associated with better or poorer cognitive performance. Similarly,
Hoffstaedter et al. (2014) provided evidence that nodes of the
same network can be differentially affected by age. This should be
considered carefully when combining measures of FC and when
investigating inter-network FC. The underlying reasons behind
age-related changes in the FC of some nodes, while others are
unaffected, remains unclear. In this study, we identified that for
both age groups, left-right insula FC were the most connected
nodes of the SN, meaning that the least functionally connected
node (ACC) of a network was found to be modulated by age.
Further work could look to identify whether this effect also occurs
in other RSNs and to what extent it is behaviorally relevant.
We have identified that, in addition to intra-network FC,
there is further information to be gleaned from studying inter-
network FC and from considering the FC of individual network
nodes. Individual network nodes appear to differ in their inter-
network connectivity, as well as how they are affected by age and
gender, which is something that is not well understood. Only
by studying more RSNs in this fashion, potentially with higher
dimensionality of regions (Shirer et al., 2011) and incorporating
measures of cognition, may we be able to build a more coherent
picture of what happens to brain connectivity as a result of
the aging process. We also provide evidence that in addition to
changes in FC between RSN nodes, the spatial location of certain
RSN nodes may change with advancing age, the extent of which
may be differentially affected by gender. These results highlight
the problematic nature of comparing RSN FC changes between
groups. For example, if the spatial locations of RSN nodes alter
with age or disease, applying the same RSN node definition
to all participants may result in spurious differences in FC
strength between groups. Spatial re-organization was RSN node
specific, highlighting the importance of investigating individual
RSN nodes to identify which are most prone to spatial re-
organization with advancing age or neurological disorder. Future
work should further investigate the spatial re-organization of
RSN nodes with age and utilize larger data sets to create reliable
age or patient group specific RSN node definitions which can be
made publically available for researchers investigating FC.
AUTHOR CONTRIBUTIONS
AG, RW, JH, and IP: Data acquisition and analysis. AB, SM, AG,
and IP: Substantial contributions to the conception or design of
the work. AB, SM, and AG: Interpretation of data and drafting
of the manuscript. AB, AG, IP, JH, RW, and SM: critical revision
of the manuscript for important intellectual content. All authors
approves the final version of the work and agree to be accountable
for all aspects of the work in ensuring that questions related to
the accuracy or integrity of any part of the work are appropriately
investigated and resolved.
FUNDING
This work was supported by the UK Engineering and Physical
Sciences Research Council (grant number EP/J002909/1). SM
was funded by an EPSRC Fellowship (EP/I022325/1) and a
Birmingham Fellowship. AG was funded by an Economic and
Social Research Council Ph.D. studentship (ES/J50001X/1).
ACKNOWLEDGMENTS
Participants did not consent to their data being made openly
available. Further information about the data and conditions for
access are available at the University of Birmingham Research at
Birmingham website at http://rab.bham.ac.uk/.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnagi.
2016.00285/full#supplementary-material
REFERENCES
Achard, S., and Bullmore, E. (2007). Efficiency and cost of economical
brain functional networks. PLoS Comput. Biol. 3:e17. doi: 10.1371/journal.
pcbi.0030017
Agcaoglu, O., Miller, R., Mayer, A. R., Hugdahl, K., and Calhoun, V. D.
(2015). Lateralization of resting state networks and relationship to age
and gender. Neuroimage 104, 310–325. doi: 10.1016/j.neuroimage.2014.
09.001
Allen, E. A., Erhardt, E. B., Damaraju, E., Gruner, W., Segall, J. M., Silva, R. F., et al.
(2011). A baseline for the multivariate comparison of resting-state networks.
Front. Syst. Neurosci. 5:2. doi: 10.3389/fnsys.2011.00002
Andrews-Hanna, J. R., Reidler, J. S., Sepulcre, J., Poulin, R., and
Buckner, R. L. (2010). Functional-anatomic fractionation of the brain’s
Frontiers in Aging Neuroscience | www.frontiersin.org 12 November 2016 | Volume 8 | Article 285
fnagi-08-00285 November 23, 2016 Time: 17:3 # 13
Goldstone et al. Resting-State Networks in Older Age
default network. Neuron 65, 550–562. doi: 10.1016/j.neuron.2010.
02.005
Andrews-Hanna, J. R., Snyder, A. Z., Vincent, J. L., Lustig, C., Head, D., Raichle,
M. E., et al. (2007). Disruption of large-scale brain systems in advanced aging.
Neuron 56, 924–935. doi: 10.1016/j.neuron.2007.10.038
Baltes, P. B., and Lindenberger, U. (1997). Emergence of a powerful connection
between sensory and cognitive functions across the adult life span: a new
window to the study of cognitive aging? Psychol. Aging 12, 12–21. doi: 10.1037/
0882-7974.12.1.12
Bartzokis, G. (2004). Age-related myelin breakdown: a developmental model of
cognitive decline and Alzheimer’s disease. Neurobiol. Aging 25, 5–18, author
rely 49–62. doi: 10.1016/j.neurobiolaging.2003.08.001
Beckmann, C. F., and Smith, S. M. (2004). Probabilistic independent component
analysis for functional magnetic resonance imaging. IEEE Trans. Med. Imaging
23, 137–152. doi: 10.1109/tmi.2003.822821
Betzel, R. F., Byrge, L., He, Y., Goñi, J., Zuo, X.-N., and Sporns, O. (2014).
Changes in structural and functional connectivity among resting-state networks
across the human lifespan. Neuroimage 102(Part 2), 345–357. doi: 10.1016/j.
neuroimage.2014.07.067
Birn, R. M., Diamond, J. B., Smith, M. A., and Bandettini, P. A. (2006).
Separating respiratory-variation-related fluctuations from neuronal-activity-
related fluctuations in fMRI. Neuroimage 31, 1536–1548. doi: 10.1016/j.
neuroimage.2006.02.048
Biswal, B. B., Mennes, M., Zuo, X. N., Gohel, S., Kelly, C., Smith, S. M., et al. (2010).
Toward discovery science of human brain function. Proc. Natl. Acad. Sci. U.S.A.
107, 4734–4739. doi: 10.1073/pnas.0911855107
Bluhm, R. L., Osuch, E. A., Lanius, R. A., Boksman, K., Neufeld, R. W., Theberge, J.,
et al. (2008). Default mode network connectivity: effects of age, sex, and analytic
approach. Neuroreport 19, 887–891. doi: 10.1097/WNR.0b013e328300ebbf
Buckner, R. L. (2004). Memory and executive function in aging and AD: multiple
factors that cause decline and reserve factors that compensate. Neuron 44,
195–208. doi: 10.1016/j.neuron.2004.09.006
Buckner, R. L., Andrews-Hanna, J. R., and Schacter, D. L. (2008). The brain’s default
network. Ann. N. Y. Acad. Sci. 1124, 1–38. doi: 10.1196/annals.1440.011
Buckner, R. L., Sepulcre, J., Talukdar, T., Krienen, F. M., Liu, H., Hedden, T., et al.
(2009). Cortical hubs revealed by intrinsic functional connectivity: mapping,
assessment of stability, and relation to Alzheimer’s disease. J. Neurosci. 29,
1860–1873. doi: 10.1523/jneurosci.5062-08.2009
Bullmore, E., and Sporns, O. (2012). The economy of brain network organization.
Nat. Rev. Neurosci. 13, 336–349. doi: 10.1038/nrn3214
Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: the
HAROLD model. Psychol. Aging 17, 85–100. doi: 10.1037/0882-7974.17.1.85
Cabeza, R., Anderson, N. D., Locantore, J. K., and McIntosh, A. R. (2002).
Aging gracefully: compensatory brain activity in high-performing older adults.
Neuroimage 17, 1394–1402. doi: 10.1006/nimg.2002.1280
Chang, C., Cunningham, J. P., and Glover, G. H. (2009). Influence of heart rate
on the BOLD signal: the cardiac response function. Neuroimage 44, 857–869.
doi: 10.1016/j.neuroimage.2008.09.029
Chen, N. K., Chou, Y. H., Song, A. W., and Madden, D. J. (2009). Measurement
of spontaneous signal fluctuations in fMRI: adult age differences in intrinsic
functional connectivity. Brain Struct. Funct. 213, 571–585. doi: 10.1007/s00429-
009-0218-4
Cosgrove, K. P., Mazure, C. M., and Staley, J. K. (2007). Evolving knowledge of
sex differences in brain structure, function and chemistry. Biol. Psychiatry 62,
847–855. doi: 10.1016/j.biopsych.2007.03.001
Crottaz-Herbette, S., and Menon, V. (2006). Where and when the anterior
cingulate cortex modulates attentional response: combined fMRI and ERP
evidence. J. Cogn. Neurosci. 18, 766–780. doi: 10.1162/jocn.2006.18.5.766
Damoiseaux, J. S., Beckmann, C. F., Arigita, E. J., Barkhof, F., Scheltens, P., Stam,
C. J., et al. (2008). Reduced resting-state brain activity in the “default network”
in normal aging. Cereb. Cortex 18, 1856–1864. doi: 10.1093/cercor/bhm207
Damoiseaux, J. S., and Greicius, M. D. (2009). Greater than the sum of its parts: a
review of studies combining structural connectivity and resting-state functional
connectivity. Brain Struct. Funct. 213, 525–533. doi: 10.1007/s00429-009-
0208-6
Damoiseaux, J. S., Rombouts, S. A., Barkhof, F., Scheltens, P., Stam, C. J., Smith,
S. M., et al. (2006). Consistent resting-state networks across healthy subjects.
Proc. Natl. Acad. Sci. U.S.A. 103, 13848–13853. doi: 10.1073/pnas.0601417103
Dennis, N. A., Hayes, S. M., Prince, S. E., Madden, D. J., Huettel, S. A., and
Cabeza, R. (2008). Effects of aging on the neural correlates of successful item
and source memory encoding. J. Exp. Psychol. Learn. Mem. Cogn. 34, 791–808.
doi: 10.1037/0278-7393.34.4.791
Di, X., and Biswal, B. B. (2013). Modulatory interactions of resting-state
brain functional connectivity. PLoS ONE 8:e71163. doi: 10.1371/journal.pone.
0071163
Dosenbach, N. U., Fair, D. A., Miezin, F. M., Cohen, A. L., Wenger, K. K.,
Dosenbach, R. A., et al. (2007). Distinct brain networks for adaptive and stable
task control in humans. Proc. Natl. Acad. Sci. U.S.A. 104, 11073–11078. doi:
10.1073/pnas.0704320104
Ferreira, L. K., and Busatto, G. F. (2013). Resting-state functional connectivity
in normal brain aging. Neurosci. Biobehav. Rev. 37, 384–400. doi: 10.1016/j.
neubiorev.2013.01.017
Filippi, M., Valsasina, P., Misci, P., Falini, A., Comi, G., and Rocca, M. A. (2013).
The organization of intrinsic brain activity differs between genders: a resting-
state fMRI study in a large cohort of young healthy subjects. Hum. Brain Mapp.
34, 1330–1343. doi: 10.1002/hbm.21514
Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C., and
Raichle, M. E. (2005). The human brain is intrinsically organized into dynamic,
anticorrelated functional networks. Proc. Natl. Acad. Sci. U.S.A. 102, 9673–9678.
doi: 10.1073/pnas.0504136102
Friston, K. J. (2011). Functional and effective connectivity: a review. Brain Connect.
1, 13–36. doi: 10.1089/brain.2011.0008
Friston, K. J., Frith, C. D., Fletcher, P., Liddle, P. F., and Frackowiak, R. S. (1996).
Functional topography: multidimensional scaling and functional connectivity
in the brain. Cereb. Cortex 6, 156–164. doi: 10.1093/cercor/6.2.156
Geerligs, L., Maurits, N. M., Renken, R. J., and Lorist, M. M. (2014a).
Reduced specificity of functional connectivity in the aging brain during task
performance. Hum. Brain Mapp. 35, 319–330. doi: 10.1002/hbm.22175
Geerligs, L., Renken, R. J., Saliasi, E., Maurits, N. M., and Lorist, M. M. (2014b).
A brain-wide study of age-related changes in functional connectivity. Cereb.
Cortex 25, 1987–1999. doi: 10.1093/cercor/bhu012
Geerligs, L., Saliasi, E., Maurits, N. M., Renken, R. J., and Lorist, M. M. (2014c).
Brain mechanisms underlying the effects of aging on different aspects of
selective attention. Neuroimage 91, 52–62. doi: 10.1016/j.neuroimage.2014.01.
029
Geerligs, L., Saliasi, E., Renken, R. J., Maurits, N. M., and Lorist, M. M. (2014d).
Flexible connectivity in the aging brain revealed by task modulations. Hum.
Brain Mapp. 35, 3788–3804. doi: 10.1002/hbm.22437
Glover, G. H., Li, T. Q., and Ress, D. (2000). Image-based method for retrospective
correction of physiological motion effects in fMRI: RETROICOR. Magn. Reson.
Med. 44, 162–167. doi: 10.1002/1522-2594(200007)44:1<162::AID-MRM23>3.
0.CO;2-E
Greenberg, D. L., Messer, D. F., Payne, M. E., Macfall, J. R., Provenzale, J. M.,
Steffens, D. C., et al. (2008). Aging, gender, and the elderly adult brain: an
examination of analytical strategies. Neurobiol. Aging 29, 290–302. doi: 10.1016/
j.neurobiolaging.2006.09.016
Gur, R. C., Gunning-Dixon, F. M., Turetsky, B. I., Bilker, W. B., and Gur, R. E.
(2002). Brain region and sex differences in age association with brain volume:
a quantitative MRI study of healthy young adults. Am. J. Geriatr. Psychiatry 10,
72–80. doi: 10.1097/00019442-200201000-00009
He, X., Qin, W., Liu, Y., Zhang, X., Duan, Y., Song, J., et al. (2013). Age-related
decrease in functional connectivity of the right fronto-insular cortex with the
central executive and default-mode networks in adults from young to middle
age. Neurosci. Lett. 544, 74–79. doi: 10.1016/j.neulet.2013.03.044
Hermundstad, A. M., Bassett, D. S., Brown, K. S., Aminoff, E. M., Clewett, D.,
Freeman, S., et al. (2013). Structural foundations of resting-state and task-based
functional connectivity in the human brain. Proc. Natl. Acad. Sci. U.S.A. 110,
6169–6174. doi: 10.1073/pnas.1219562110
Hoffstaedter, F., Grefkes, C., Roski, C., Caspers, S., Zilles, K., and Eickhoff, S. B.
(2014). Age-related decrease of functional connectivity additional to gray
matter atrophy in a network for movement initiation. Brain Struct. Funct. 220,
999–1012. doi: 10.1007/s00429-013-0696-2
Horwitz, B. (2003). The elusive concept of brain connectivity. Neuroimage
19(2 Pt 1), 466–470. doi: 10.1016/S1053-8119(03)00112-5
Ingalhalikar, M., Smith, A., Parker, D., Satterthwaite, T. D., Elliott, M. A.,
Ruparel, K., et al. (2014). Sex differences in the structural connectome of the
Frontiers in Aging Neuroscience | www.frontiersin.org 13 November 2016 | Volume 8 | Article 285
fnagi-08-00285 November 23, 2016 Time: 17:3 # 14
Goldstone et al. Resting-State Networks in Older Age
human brain. Proc. Natl. Acad. Sci. U.S.A. 111, 823–828. doi: 10.1073/pnas.
1316909110
Jäncke, L., Mérillat, S., Liem, F., and Hänggi, J. (2015). Brain size, sex, and the aging
brain. Hum. Brain Mapp. 36, 150–169. doi: 10.1002/hbm.22619
Jenkins, G. M., and Watts, D. G. (1968). Spectral Analysis and Its Applications. San
Francisco, CA: Holden-Day.
Jenkinson, M., Bannister, P., Brady, M., and Smith, S. (2002). Improved
optimization for the robust and accurate linear registration and motion
correction of brain images. Neuroimage 17, 825–841. doi: 10.1006/nimg.2002.
1132
Jenkinson, M., and Smith, S. (2001). A global optimisation method for robust affine
registration of brain images. Med. Image Anal. 5, 143–156. doi: 10.1016/S1361-
8415(01)00036-6
Johns, M. W. (1991). A new method for measuring daytime sleepiness: the Epworth
sleepiness scale. Sleep 14, 540–545.
Khalsa, S., Mayhew, S. D., Chechlacz, M., Bagary, M., and Bagshaw, A. P.
(2013). The structural and functional connectivity of the posterior cingulate
cortex: comparison between deterministic and probabilistic tractography for
the investigation of structure-function relationships. Neuroimage 102(Pt 1),
118–127. doi: 10.1016/j.neuroimage.2013.12.022
Koski, L., and Paus, T. (2000). Functional connectivity of the anterior cingulate
cortex within the human frontal lobe: a brain-mapping meta-analysis. Exp.
Brain Res. 133, 55–65. doi: 10.1007/s002210000400
Lemaitre, H., Crivello, F., Grassiot, B., Alperovitch, A., Tzourio, C., and Mazoyer, B.
(2005). Age- and sex-related effects on the neuroanatomy of healthy elderly.
Neuroimage 26, 900–911. doi: 10.1016/j.neuroimage.2005.02.042
Liu, H., Stuﬄebeam, S. M., Sepulcre, J., Hedden, T., and Buckner, R. L. (2009).
Evidence from intrinsic activity that asymmetry of the human brain is
controlled by multiple factors. Proc. Natl. Acad. Sci. U.S.A. 106, 20499–20503.
doi: 10.1073/pnas.0908073106
Lopez-Larson, M. P., Anderson, J. S., Ferguson, M. A., and Yurgelun-Todd, D.
(2011). Local brain connectivity and associations with gender and age. Dev.
Cogn. Neurosci. 1, 187–197. doi: 10.1016/j.dcn.2010.10.001
Luders, E., Gaser, C., Narr, K. L., and Toga, A. W. (2009). Why sex matters: brain
size independent differences in gray matter distributions between men and
women. J. Neurosci. 29, 14265–14270. doi: 10.1523/jneurosci.2261-09.2009
Margulies, D. S., Kelly, A. M., Uddin, L. Q., Biswal, B. B., Castellanos, F. X., and
Milham, M. P. (2007). Mapping the functional connectivity of anterior cingulate
cortex. Neuroimage 37, 579–588. doi: 10.1016/j.neuroimage.2007.05.019
Mennes, M., Kelly, C., Zuo, X. N., Di Martino, A., Biswal, B. B., Castellanos, F. X.,
et al. (2010). Inter-individual differences in resting-state functional connectivity
predict task-induced BOLD activity. Neuroimage 50, 1690–1701. doi: 10.1016/j.
neuroimage.2010.01.002
Mennes, M., Zuo, X. N., Kelly, C., Di Martino, A., Zang, Y. F., Biswal, B. B.,
et al. (2011). Linking inter-individual differences in neural activation and
behavior to intrinsic brain dynamics. Neuroimage 54, 2950–2959. doi: 10.1016/
j.neuroimage.2010.10.046
Menon, V., and Uddin, L. Q. (2010). Saliency, switching, attention and control:
a network model of insula function. Brain Struct. Funct. 214, 655–667. doi:
10.1007/s00429-010-0262-0
Morecraft, R. J., and Tanji, J. (2009). “Cingulofrontal interactions and the cingulate
motor areas,” in Cingulate Neurobiology and Disease, ed. B. A. Vogt (New York,
NY: Oxford University Press), 113–144.
Mowinckel, A. M., Espeseth, T., and Westlye, L. T. (2012). Network-specific effects
of age and in-scanner subject motion: a resting-state fMRI study of 238 healthy
adults. Neuroimage 63, 1364–1373. doi: 10.1016/j.neuroimage.2012.08.004
Murphy, K., Birn, R. M., Handwerker, D. A., Jones, T. B., and Bandettini, P. A.
(2009). The impact of global signal regression on resting state correlations: Are
anti-correlated networks introduced? Neuroimage 44, 893–905. doi: 10.1016/j.
neuroimage.2008.09.036
Nelson, H. E., and Willison, J. R. (1991). Restandardisation of the NART Against the
WAIS–R. Windsor: NFERNELSON.
Nielsen, J. A., Zielinski, B. A., Ferguson, M. A., Lainhart, J. E., and Anderson, J. S.
(2013). An evaluation of the left-brain vs. right-brain hypothesis with resting
state functional connectivity magnetic resonance imaging. PLoS ONE 8:e71275.
doi: 10.1371/journal.pone.0071275
Nunnemann, S., Wohlschlager, A. M., Ilg, R., Gaser, C., Etgen, T., Conrad, B.,
et al. (2009). Accelerated aging of the putamen in men but not in
women. Neurobiol. Aging 30, 147–151. doi: 10.1016/j.neurobiolaging.2007.
05.016
Onoda, K., Ishihara, M., and Yamaguchi, S. (2012). Decreased functional
connectivity by aging is associated with cognitive decline. J. Cogn. Neurosci. 24,
2186–2198. doi: 10.1162/jocn_a_00269
Park, D. C., and Reuter-Lorenz, P. (2009). The adaptive brain: aging and
neurocognitive scaffolding. Annu. Rev. Psychol. 60, 173–196. doi: 10.1146/
annurev.psych.59.103006.093656
Peters, R. (2006). Ageing and the brain. Postgrad. Med. J. 82, 84–88. doi: 10.1136/
pgmj.2005.036665
Przezdzik, I., Bagshaw, A. P., and Mayhew, S. D. (2013). Some brains are more
strongly functionally connected than others: a resting-state fMRI study of inter
and intra network coherence. Proc. ISMRM 2013:2262.
Raz, N., Gunning, F. M., Head, D., Dupuis, J. H., McQuain, J., Briggs, S. D.,
et al. (1997). Selective aging of the human cerebral cortex observed in vivo:
differential vulnerability of the prefrontal gray matter. Cereb. Cortex 7, 268–282.
doi: 10.1093/cercor/7.3.268
Raz, N., and Rodrigue, K. M. (2006). Differential aging of the brain: patterns,
cognitive correlates and modifiers. Neurosci. Biobehav. Rev. 30, 730–748. doi:
10.1016/j.neubiorev.2006.07.001
Resnick, S. M., Goldszal, A. F., Davatzikos, C., Golski, S., Kraut, M. A., Metter, E. J.,
et al. (2000). One-year age changes in MRI brain volumes in older adults. Cereb.
Cortex 10, 464–472. doi: 10.1093/cercor/10.5.464
Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., and Davatzikos, C.
(2003). Longitudinal magnetic resonance imaging studies of older adults: a
shrinking brain. J. Neurosci. 23, 3295–3301.
Reuter-Lorenz, P. A., Jonides, J., Smith, E. E., Hartley, A., Miller, A., Marshuetz, C.,
et al. (2000). Age differences in the frontal lateralization of verbal and spatial
working memory revealed by PET. J. Cogn. Neurosci. 12, 174–187. doi: 10.1162/
089892900561814
Riddle, D. R., Sonntag, W. E., and Lichtenwalner, R. J. (2003). Microvascular
plasticity in aging. Ageing Res. Rev. 2, 149–168. doi: 10.1016/S1568-1637(02)
00064-8
Riello, R., Sabattoli, F., Beltramello, A., Bonetti, M., Bono, G., Falini, A., et al.
(2005). Brain volumes in healthy adults aged 40 years and over: a voxel-based
morphometry study.Aging Clin. Exp. Res. 17, 329–336. doi: 10.1007/bf03324618
Ruigrok, A. N., Salimi-Khorshidi, G., Lai, M. C., Baron-Cohen, S., Lombardo,
M. V., Tait, R. J., et al. (2014). A meta-analysis of sex differences in human brain
structure. Neurosci. Biobehav. Rev. 39, 34–50. doi: 10.1016/j.neubiorev.2013.12.
004
Salat, D. H., Buckner, R. L., Snyder, A. Z., Greve, D. N., Desikan, R. S. R., Busa, E.,
et al. (2004). Thinning of the cerebral cortex in aging.Cereb. Cortex 14, 721–730.
doi: 10.1093/cercor/bhh032
Scheinost, D., Finn, E. S., Tokoglu, F., Shen, X., Papademetris, X., Hampson, M.,
et al. (2014). Sex differences in normal age trajectories of functional
brain networks. Hum. Brain Mapp. 36, 1524–1535. doi: 10.1002/hbm.
22720
Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G. H., Kenna, H.,
et al. (2007). Dissociable intrinsic connectivity networks for salience processing
and executive control. J. Neurosci. 27, 2349–2356. doi: 10.1523/jneurosci.5587-
06.2007
Shackman, A. J., Salomons, T. V., Slagter, H. A., Fox, A. S., Winter, J. J., and
Davidson, R. J. (2011). The integration of negative affect, pain and cognitive
control in the cingulate cortex. Nat. Rev. Neurosci. 12, 154–167. doi: 10.1038/
nrn2994
Shahid, A., Wilkinson, K., Marcu, S., and Shapiro, C. (2012). “Karolinska Sleepiness
Scale (KSS),” in STOP, THAT and One Hundred Other Sleep Scales, eds A.
Shahid, K. Wilkinson, S. Marcu, and C. M. Shapiro (New York, NY: Springer),
209–210.
Shirer, W. R., Ryali, S., Rykhlevskaia, E., Menon, V., and Greicius, M. D.
(2011). Decoding subject-driven cognitive states with whole-brain connectivity
patterns. Cereb. Cortex 22, 158–165. doi: 10.1093/cercor/bhr099
Smith, D. V., Utevsky, A. V., Bland, A. R., Clement, N., Clithero, J. A., Harsch, A. E.,
et al. (2014). Characterizing individual differences in functional connectivity
using dual-regression and seed-based approaches. Neuroimage 95, 1–12. doi:
10.1016/j.neuroimage.2014.03.042
Sowell, E. R., Peterson, B. S., Kan, E., Woods, R. P., Yoshii, J., Bansal, R., et al.
(2007). Sex differences in cortical thickness mapped in 176 healthy individuals
Frontiers in Aging Neuroscience | www.frontiersin.org 14 November 2016 | Volume 8 | Article 285
fnagi-08-00285 November 23, 2016 Time: 17:3 # 15
Goldstone et al. Resting-State Networks in Older Age
between 7 and 87 years of age.Cereb. Cortex 17, 1550–1560. doi: 10.1093/cercor/
bhl066
Sowell, E. R., Peterson, B. S., Thompson, P. M., Welcome, S. E., Henkenius, A. L.,
and Toga, A. W. (2003). Mapping cortical change across the human life span.
Nat. Neurosci. 6, 309–315. doi: 10.1038/nn1008
Sridharan, D., Levitin, D. J., and Menon, V. (2008). A critical role for the right
fronto-insular cortex in switching between central-executive and default-mode
networks. Proc. Natl. Acad. Sci. U.S.A. 105, 12569–12574. doi: 10.1073/pnas.
0800005105
Stevens, F. L., Hurley, R. A., and Taber, K. H. (2011). Anterior cingulate cortex:
unique role in cognition and emotion. J. Neuropsychiatry Clin. Neurosci. 23,
121–125. doi: 10.1176/appi.neuropsych.23.2.121
Stevens, W. D., and Spreng, R. N. (2014). Resting-state functional connectivity MRI
reveals active processes central to cognition. Wiley Interdiscip. Rev. Cogn. Sci. 5,
233–245. doi: 10.1002/wcs.1275
Tagliazucchi, E., and Laufs, H. (2014). Decoding wakefulness levels from typical
fMRI resting-state data reveals reliable drifts between wakefulness and sleep.
Neuron 82, 695–708. doi: 10.1016/j.neuron.2014.03.020
Tang, Y., Whitman, G. T., Lopez, I., and Baloh, R. W. (2001). Brain volume
changes on longitudinal magnetic resonance imaging in normal older people.
J. Neuroimaging 11, 393–400. doi: 10.1111/j.1552-6569.2001.tb00068.x
Teng, E. L., and Chui, H. C. (1987). The modified mini-mental state (3MS)
examination. J. Clin. Psychiatry 48, 314–318.
Tisserand, D. J., van Boxtel, M. P. J., Pruessner, J. C., Hofman, P., Evans,
A. C., and Jolles, J. (2004). A voxel-based morphometric study to determine
individual differences in gray matter density associated with age and
cognitive change over time. Cereb. Cortex 14, 966–973. doi: 10.1093/cercor/
bhh057
Tomasi, D., and Volkow, N. D. (2012). Aging and functional brain networks. Mol.
Psychiatry 17:471, 549–558. doi: 10.1038/mp.2011.81
Toussaint, P. J., Maiz, S., Coynel, D., Messé, A., Perlbarg, V., Habert, M. O.,
et al. (2011). “Characterization of the default mode functional connectivity in
normal aging and Alzheimer’s disease: an approach combining entropy-based
and graph theoretical measurements,” in Proceedings of the IEEE International
Symposium on Biomedical Imaging: From Nano to Macro, (Chicago, IL: IEEE),
853–856.
Vogt, B. A. (2005). Pain and emotion interactions in subregions of the cingulate
gyrus. Nat. Rev. Neurosci. 6, 533–544. doi: 10.1038/nrn1704
Voss, M. W., Prakash, R. S., Erickson, K. I., Basak, C., Chaddock, L., Kim, J. S.,
et al. (2010). Plasticity of brain networks in a randomized intervention trial of
exercise training in older adults. Front. Aging Neurosci. 2:32. doi: 10.3389/fnagi.
2010.00032
Weissman-Fogel, I., Moayedi, M., Taylor, K. S., Pope, G., and Davis, K. D.
(2010). Cognitive and default-mode resting state networks: do male and female
brains “rest” differently? Hum. Brain Mapp. 31, 1713–1726. doi: 10.1002/hbm.
20968
Wu, J. T., Wu, H. Z., Yan, C. G., Chen, W. X., Zhang, H. Y., He, Y., et al. (2011).
Aging-related changes in the default mode network and its anti-correlated
networks: a resting-state fMRI study. Neurosci. Lett. 504, 62–67. doi: 10.1016/j.
neulet.2011.08.059
Wu, J. T., Zang, Y., Wang, L., Long, X., Hallett, M., Chen, Y., et al. (2007). Aging
influence on functional connectivity of the motor network in the resting state.
Neurosci. Lett. 422, 164–168. doi: 10.1016/j.neulet.2007.06.011
Yan, L., Zhuo, Y., Wang, B., and Wang, D. J. (2011). Loss of coherence
of low frequency fluctuations of BOLD FMRI in visual cortex of healthy
aged subjects. Open Neuroimag. J. 5, 105–111. doi: 10.2174/1874440001105
010105
Yu, C., Zhou, Y., Liu, Y., Jiang, T., Dong, H., Zhang, Y., et al. (2011). Functional
segregation of the human cingulate cortex is confirmed by functional
connectivity based neuroanatomical parcellation. Neuroimage 54, 2571–2581.
doi: 10.1016/j.neuroimage.2010.11.018
Zhang, H. Y., Chen, W. X., Jiao, Y., Xu, Y., Zhang, X. R., and Wu, J. T. (2014).
Selective vulnerability related to aging in large-scale resting brain networks.
PLoS ONE 9:e108807. doi: 10.1371/journal.pone.0108807
Zhang, Y., Brady, M., and Smith, S. (2001). Segmentation of brain MR
images through a hidden Markov random field model and the expectation-
maximization algorithm. IEEE Trans. Med. Imaging 20, 45–57. doi: 10.1109/
42.906424
Zuo, X. N., Kelly, C., Di Martino, A., Mennes, M., Margulies, D. S., Bangaru, S.,
et al. (2010). Growing together and growing apart: regional and sex differences
in the lifespan developmental trajectories of functional homotopy. J. Neurosci.
30, 15034–15043. doi: 10.1523/jneurosci.2612-10.2010
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Goldstone, Mayhew, Przezdzik, Wilson, Hale and Bagshaw. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Aging Neuroscience | www.frontiersin.org 15 November 2016 | Volume 8 | Article 285
